1. Introduction {#sec1}
===============

The misfolding and aggregation of Superoxide dismutase \[Cu--Zn\] (SOD1), a homo-dimeric protein that functions as an antioxidant by scavenging for superoxide, is linked to inherited, or familial, amyotrophic lateral sclerosis (fALS). Aberrant SOD1 folding has also been strongly implicated in disease causation for sporadic ALS, or sALS, which accounts for \~90% of ALS cases \[[@bib1]\]. However there is a growing body of evidence to suggest that fibrillary aggregates may be just end-stage products, leading to a shift in focus away from deposition and towards aggregation and oligomerization \[[@bib2]\]. In addition to being classified as a proteinopathy, studies have found that mutant and misfolded SOD1 can convert wtSOD1 in a prion-like fashion \[[@bib3]\], and that misfolded wtSOD1 can be propagated by release and uptake of protein aggregates \[[@bib4]\]. Today it is accepted that loss of function is not causative for ALS, though there is evidence that gain of function may play a modifying role in SOD1-related ALS. Not surprisingly, given the antioxidant function, there are also indications that oxidative stress may be relevant to disease pathogenesis, including the possibility that aberrant misfolding and aggregation of wtSOD1 is enhanced by exposure to such stress.

Oxidative stress and the accompanying mitochondrial damage have long been identified as important factors in non-SOD1 ALS \[[@bib5]\], and an over-oxidized form of wtSOD1 has recently been characterized in a subset of sALS patients \[[@bib6]\]. This *iper*-oxidized species was found to be toxic only upon exposure to additional pro-oxidant stressors, whereupon it adopts a pathogenic mechanism similar to that of mutant SOD1. SOD1 mutants have been identified with lower K~M~ values for binding H~2~O~2~ \[[@bib7]\], while the H43R mutant acquires a pro-oxidant potential that enhances oxidative stress \[[@bib8]\]. For sALS it has been postulated that oxidation can trigger misfolding of wtSOD1 while wtSOD1 oxidized with hydrogen peroxide shares conformational epitopes to the C4F6 antibody with mutants implicated in fALS \[[@bib9]\]. These results indicate the possibility that transient SOD1 oligomers could be implicated, not just in protein misfolding, but also in protein oxidation, thereby increasing the propensity for each of the components to aggregate. Such a scenario would provide a mechanism whereby loss of normal SOD1 function, or gain of aberrant function, could play a role in sALS.

The dismutase mechanism of SOD1 involves cyclic reduction and oxidation of the copper by successive molecules of superoxide \[[@bib10]\]. This produces one molecule each of oxygen and hydrogen peroxide, providing a cellular defense by scavenging the more toxic superoxide radical anion. For the CuZnSOD family three histidine residues coordinate copper, two histidines and an aspartate coordinate the zinc, and an exceptional histidine (His~63~ in human SOD1 and His~61~ in bovine) coordinates both the copper and the zinc through N^ε^ and N^δ^ respectively. In the resting state the Cu^2+^ ion forms a tetra-coordinated distorted tetrahedron (td) due to deprotonation of the bridging histidine. In the first catalytic stage reduction to Cu^+^ is accompanied by protonation of the imidazolate bridge, breaking the link between the N^ε^ and the copper and resulting in a trigonal planar (tp) coordinated Cu^+^. Oxidation of Cu^+^ is accompanied by proton transfer to the substrate and the reformation of the N^ε^−Cu^2+^ link. A structural and energetic characterization of this cycle obtained using high level DFT calculations of a model system \[[@bib11]\], is shown in [Fig. 1](#fig1){ref-type="fig"}. The reverse of the dismutase oxidative cycle, i.e. the redox reaction of Cu^2+^ with hydrogen peroxide to generate the superoxide anion and Cu^+^, serves as the template for the first catalytic stage of the SOD1 peroxidase mechanism.Fig. 1The characterization of the dismutase cycle obtained using high level DFT calculations of a model system from reference 11.Fig. 1

In addition to superoxide dismutase activity SOD1 also exhibits peroxidase activity. In a similar fashion to the dismutase cycle the peroxidase mechanism involves cyclic reduction and reoxidation of the copper by successive molecules of hydrogen peroxide \[[@bib12]\]. While the reductive cycle regenerates superoxide the oxidative step involves a Fenton-type reaction where the reduced Cu^+^ ion cleaves the O--O bond to generate a bound hydroxyl radical \[[@bib10]\]. Studies have demonstrated that the radical does not diffuse readily but instead attacks the copper binding histidines \[[@bib13],[@bib14]\], ultimately leading to copper loss and enzyme deactivation \[[@bib15]\]. Oxidative damage to the zinc binding site is also observed at a rate more rapid than inactivation due to copper demetallation \[[@bib16]\].

Crystallographic structures of bovine SOD1 have revealed a notable asymmetry characterized by a fully oxidized Cu^2+^ ion in one subunit with the other adopting a reduced configuration \[[@bib17]\]. This asymmetry is associated with a lack of mobility of residues in the electrostatic loop (ESL) of the subunit with the fully oxidized Cu^2+^ ion, caused in turn by an abundance of crystal contacts in the ESL. In addition to exhibiting larger B-factors, signifying greater mobility, for the ESL residues the reduced subunit also exhibits a range of conformations for the copper site, representing geometries intermediate between those expected for Cu^2+^ and Cu^+^,suggesting that freedom of ESL motion is essential to catalytic function \[[@bib18]\]. In developing a prion-like mechanism for the propagation of SOD1 misfolding \[[@bib19]\] we have previously shown how restricting the mobility of the SOD1 ESL can lead to an experimentally observed gain of interaction (GOI) that results in the formation of SOD1 amyloid-like filaments \[[@bib20]\]. This restriction of the ESL in turn is postulated to be caused through the formation of a transient, non-obligate oligomer between pathogenic and wild type SOD1. Here we investigate the possibility that restricting ESL mobility might not only compromise superoxide catalytic activity but also serve to promote the peroxidase activity of SOD1.

2. Materials and methods {#sec2}
========================

The crystal structures for human and bovine wild type (wt) superoxide dismutase are available from the RCSB ([www.rcsb.org](http://www.rcsb.org){#intref0010}) as PDB entries 2C9V \[[@bib21]\] and 1CBJ \[[@bib17]\]. The structure for SOD1 with the bicarbonate anion bound in the active site is available as 4B3E \[[@bib22]\]. After adding hydrogens all proteins were subjected to a minimization by steepest descent and conjugate gradient using the CHARMm force field \[[@bib23]\]. Protein alignments and superimposition were done using the MODELER protocol.

The free energy of the oxidized Cu^2+^ state, relative to a Cu^+^ resting state, was calculated by coupling the redox potential versus normal hydrogen electrode (NHE) for CuZnSOD1(Cu^2+^/Cu^+^) of ^+^ of 0.4 eV \[[@bib24]\] with the E^o^ for (O~2~^**-.**^,2H^+^/H~2~O~2~) of 0.94 eV \[[@bib25]\] to give:

Hydrogen peroxide was docked to the fully oxidized subunit of bovine SOD1 using the CDOCKER algorithm \[[@bib26]\]. The average binding energy for the five docked poses was calculated using the CHARMm force field and including the Generalized Born with simple SWitching (GBSW) implicit solvent model \[[@bib27]\]. The principle moments of inertia calculated for the complex, protein and ligand were used to calculate the translational and rotational entropies for each at 298 K, using the CHARMm force field. The loss of conformational free energy for the bound ligand was calculated using the principle of conformer focusing \[[@bib28]\]. The resulting binding free energy was calculated to be +2.4 kcal mol^-1^.

The following evaluation was used to calculate the free energy of proton donation from hydrogen peroxide to the bridging imidazole:$$$$

The free energy for protonation of the superoxide radical anion was calculated by combining E^o^ for (O~2~^**-.**^,2H^+^/H~2~O~2~) with the E^o^ for (HO~2~^.^,H^+^/H~2~O~2~) of 1.06 eV \[[@bib25]\] to give:

For the oxidative phase hydrogen peroxide was successfully docked to a modified subunit A of bovine SOD1 using CDOCKER and the CHARMm force field. Selecting the highest ranked pose QM/MM energies were calculated at the DFT (B3LYP//DNP)/CHARMm level, using the Becke, three-parameter, Lee-Yang-Parr (B3LYP) exchange-correlation functional, the double numerical polarized (DNP) basis set level, the CHARMm force field, and including GBSW solvent model. The QM region was defined as the copper and the bound ligand. The principle moments of inertia calculated for the complex, protein and ligand were used to calculate the translational and rotational entropies for each at 298 K, using the CHARMm force field.

Docking the H~2~O~2~ ligand to this modified reduced subunit of the bovine SOD1 crystal structure yields an initial complex with the copper nearly equidistant to both hydroperoxyl oxygens and a binding free energy of +11.3 kcal mol^-1^, [Fig. 2](#fig2){ref-type="fig"}. Single point QM/MM energy calculations along these Cu--O coordinates shows this to be a metastable structure, with an energy minimum structure at Cu--O distances of 2.05 and 3.08 Å, and a binding free energy of +7 kcal mol^-1^.Fig. 2A Free energy profile for the peroxidative cycle of SOD1; **inset** FMO and charge distributions for the side-on dock of H~2~O~2~ to SOD1, for the end-on dock of H~2~O~2~ to SOD, and for the dock of HCO~4~^-^ to SOD1.Fig. 2

The following evaluation was used to calculate the free energy for the loss of a proton from hydrogen peroxide in solution:$$\begin{array}{l}
{\Delta G = - RT\ \ln\frac{\left\lbrack HOO^{-} \right\rbrack}{\left\lbrack HOOH \right\rbrack} = RT\left( {- \ln\frac{\left\lbrack HOO^{-} \right\rbrack\left\lbrack H^{+} \right\rbrack}{\left\lbrack HOOH \right\rbrack} + \ln\left\lbrack H^{+} \right\rbrack} \right)} \\
{= RT\ \ln\ 10\left( {- \log_{10}\frac{\left\lbrack HOO^{-} \right\rbrack\left\lbrack H^{+} \right\rbrack}{\left\lbrack HOOH \right\rbrack} + \log_{10}\left\lbrack H^{+} \right\rbrack} \right)} \\
{\Delta G = RT\ \ln\ 10\left( pK_{a}\left( HOOH \right) - pH \right) = 1.36\left( 11.7 - 7 \right)} \\
\end{array}$$

Combining the CuZnSOD1(Cu^2+^/Cu^+^) potential with the E^o^ for (H~2~O~2~,2H^+^/2H~2~O) of 1.77 eV and E^o^ for (^.^OH,H^+^/H~2~O) \[[@bib25]\] of 2.31 eV gives:

Peroxomonocarbonate was also successfully docked to the modified subunit A of bovine SOD1 using CDOCKER and the CHARMm force field. Selecting the highest ranked pose and calculating QM/MM energies and translational and rotational entropies as before gave a binding free energy of +1.6 kcal mol^-1^. The free energy for the Cu^2+^ state with a freely diffusible carbonate anion radical was calculated by coupling the redox potentials for CuZnSOD1(Cu^2+^/Cu^+^) with E^o^ for (HCO~4~^-^,2H^+^/HCO~3~^-^, H~2~0) of 1.8 eV \[[@bib29]\] and the E^o^ for (CO~3~^**-.**^,H^+^/HCO~3~^-^) of 1.78 eV \[25\] to give:

For the Molecular dynamic (MD) simulation of apo SOD1 the dimer was immersed in an orthorhombic cell of TIP3P explicit water molecules and neutralized with counterions, and the system was minimized by steepest descent and conjugate gradient. The complex was heated to 300 K over 100 ps, and equilibrated at 300 K for 300 ps A production run for 4ns was obtained for human wtSOD1 at 300 K, and the SHAKE algorithm was employed to keep bonds involving hydrogen atoms at their equilibrium length, allowing the use of a 2 fs time step.

3. Results and discussion {#sec3}
=========================

Docking hydrogen peroxide to fully reduced wt SOD1first yields a metastable state where the H~2~O~2~ is loosely bound at a Cu--O distance of 2.35 Å. Proton transfer from the peroxide gives a stable intermediate where coordination to the bridging histidine is lost due to protonation of the histidine N^ε^. Complete reversal of the dismutase half-reaction produces the fully reduced, trigonal planar Cu^+^ state. The relative free energies in [Fig. 2](#fig2){ref-type="fig"} are in good agreement with those calculated for the model system with one exception \[[@bib11]\]. Whereas the DFT calculations for the dismutase reaction of the model system predicted that the copper-bound hydroperoxyl anion is a global minimum on the energy surface, our calculations based on experimental reduction potentials indicate that its formation from the Cu^2+^ resting state is endergonic. The fact that the model system underestimated the polarity of the SOD1 active site was cited as the reason for why the model system calculation gave a value at odds with the observed half-cell potentials.

To characterize the second stage of the peroxidase cycle a H~2~O~2~ ligand was docked to the fully reduced subunit of the bovine SOD1 crystal structure, however the results revealed no functional Cu^+^ --H~2~O~2~ complexes with all Cu--O distances in excess of 3 Å. In an investigation of patterns of flexibility of wild type and SOD1 mutants using principal coordinate analysis (PCA) of MD trajectories \[[@bib30]\] it was demonstrated that a correlated movement of the electrostatic loops of the dimer behaves much like *breathing motion*, with the ESL opening and closing in a coupled fashion. PCA analysis of our 4 ns MD trajectory of wtSOD1 (pdb id [2C9V](pdb:2C9V){#intref0015}) (the eigenmode is available as movies in the Supporting Information) demonstrates how this *breathing motion* correlates with mobility within the copper binding site. Positioning the copper equidistant from the His~46~, His~48~ and His~120~ residues (His~44~, His~46~ and His~118~ in bovine SOD1) it can be seen that movement is dominated by an *asymmetric stretch* of the putative Cu- His~46~ and Cu- His~120~ bonds, with the Cu- His~46~ distance elongating as the Cu- His~120~ distance shortens, and *vice versa*. This is the pattern observed for the series of bovine SOD1 crystal structures representing conformations intermediate between those expected for Cu^2+^ and Cu^+^, where the Cu- His~44~ distance extends from 2.00, through 2.12 to 2.14 and 2.19 Å as Cu- His~118~ contracts from 2.19, through 2.18 to 2.03 and 2.02 Å. To model the effect of loss of ESL mobility metal ligand distances were set to the median values from our PCA analysis of the eigenmode and harmonic restraints were applied. Minimization using the CHARMm force field with implicit solvent yields the conformation shown in [Fig. 3](#fig3){ref-type="fig"}B. Alignment with the crystal structure for the fully reduced subunit shows a marked withdrawal of the His~44~ and His~118~ residues from a trigonal planar orientation, thin bond in [Fig. 3](#fig3){ref-type="fig"}B, resulting in a geometry best described as distorted td, thick bond in [Fig. 3](#fig3){ref-type="fig"}B.Fig. 3A. Fenton chemistry of the pyridyl pendant dibenzylamine-Cu(I)--OOH species from reference 48; **B** Alignment and superimposition of our Cu(I) modified geometry (thick bond) with the crystal structure for the fully reduced bovine SOD1 subunit (thin bond); **C** alignment of our modified SOD1 conformation, the DFT-generated Cu(I) structure from reference 37; **D** alignment with the structure of the reduced SOD1 subunit with a bound bicarbonate anion from reference 22.Fig. 3

Docking the H~2~O~2~ ligand to this modified reduced subunit of the bovine SOD1 crystal structure yields an initial complex with the copper nearly equidistant to both hydroperoxyl oxygens and Cu--O distances of 2.29 and 2.37 Å. Frontier molecular orbital (FMO) analysis shows a side-on approach of the ligand to the Cu^+^ with the highest occupied molecular d~xz~ orbital (HOMO) interacting with the HO--OH σ\* antibonding lowest unoccupied molecular orbital (LUMO), [Fig. 2](#fig2){ref-type="fig"} inset. Single point QM/MM energy calculations along these Cu--O coordinates shows this to be a metastable structure, with an energy minimum structure at Cu--O distances of 2.05 and 3.08 Å. FMO analysis of this structure indicates an end on interaction of the d~z~^2^ HOMO with the HO--OH σ\* LUMO, and the orbital diagram for end-on bonding of H~2~O~2~ to Cu(I) is shown in [Fig. 4](#fig4){ref-type="fig"}. Generation of the experimentally observed bound radical species \[[@bib10]\] requires heterolytic O--O bond cleavage of this complex to produce a free hydroxide that can abstract the N^ε^−Η proton of the bridging histidine to facilitate coordination with the fully oxidized copper. Polarization of the O--O bond, inset in [Fig. 2](#fig2){ref-type="fig"} inset, indicates that deprotonation of the more acidic hydrogen on the proximate oxygen must precede bond scission, with bond cleavage then yielding an enzyme-bound oxidant that can be characterized as either (Cu-^**.**^O)^+1^ or (Cu-^**.**^OH) ^2+^. Based on rapid enzyme inactivation at pH \> 9 it has been proposed that the reactive species is HO~2~^-^ \[[@bib31]\], with direct coordination of the hydroperoxyl anion also possible because of the electrostatic guidance for anions provided by a substrate channel that includes residues Lys~134~ and Arg~141~ (bovine SOD1 numbering) \[[@bib32]\]. Further implicating the anion are the observations that enzyme inactivation by H~2~O~2~ occurred only in the presence of superoxide \[[@bib33]\], and that oxidative degradation was much greater when cells were exposed to O~2~^.-^/H~2~O~2~ rather than just peroxide alone \[[@bib34]\]. A comparison of the orbital diagrams for end-on bonding of hydrogen peroxide and superoxide to Cu^+^ in [Fig. 4](#fig4){ref-type="fig"} highlights how for such a mixture binding to the peroxo ligand is favored.Fig. 4Molecular orbital diagrams for end-on bonding of hydrogen peroxide and superoxide to Cu(I).Fig. 4

The mechanism whereby bicarbonate, or dissolved CO~2~, functions as a prooxidant, leading to extensive damage of both substrate and enzyme, remains in question. However the intermediacy of a peroxymonocarbonate species has been demonstrated by both NMR and EPR \[[@bib35]\]. Docking HCO~4~^-^ to our modified reduced SOD1 subunit yields a stable complex, [Fig. 2](#fig2){ref-type="fig"} inset, where the copper center is bound to the oxygen proximate to the bridging histidine. Given the reaction scheme in [Fig. 2](#fig2){ref-type="fig"} this complex can also be formed by nucleophilic attack of the deprotonated peroxide ligand on CO~2~, providing two pathways for mediation by peroxymonocarbonate. Cu^+^-catalyzed homolytic cleavage of this ligand yields a long-lived carbonate radical anion, allowing for diffusion away from the active site to facilitate oxidation of distant cellular targets. The reaction of Cu^+^-bound peroxide to form peroxymonocarbonate with subsequent cleavage to produce a diffusible carbonate radical anion has been previously proposed as a mechanism to explain bicarbonate-mediated peroxidation by SOD1 \[[@bib36]\]. A crystal structure of a D125H SOD1 mutant from this study bound to HSO~4~^-^ identifies the oxyanion as participating in a hydrogen bonding interaction with the Arg~143~ side chain (human numbering). The HCO~4~^-^ docked complex from this work displays a similar interaction, [Fig. 2](#fig2){ref-type="fig"} inset.

To understand the conditions under which SOD1 would catalyze Fenton chemistry it is instructive to study the pyridyl pendant dibenzylamine system, [Fig. 3](#fig3){ref-type="fig"}A \[[@bib37]\]. Treatment of this Cu^+2^ complex with H~2~O~2~ yields a metastable Cu^+2^ complex results in cleavage of the Cu--O bond to yield the hydroperoxyl radical and a Cu^+^ center that binds a second equivalent of H~2~O~2~ to give a Cu^+−^OOH complex. Subsequent disproportionation of the ligand via Fenton chemistry yields a hydroxy radical. Alignment of our modified SOD1 complex with this Cu^+^ complex, [Fig. 3](#fig3){ref-type="fig"}C, highlights how in both cases the Cu^+^ arrangement is distorted from planarity, supporting the prediction that distortion of the normal reduced SOD1 conformation is required before the copper can catalyze Fenton chemistry. The alignment in [Fig. 3](#fig3){ref-type="fig"}D is with a reduced form of SOD1 where the copper was again observed to change from trigonal planar to td, this time as a consequence of binding a bicarbonate anion ligand \[[@bib22]\]. Coordinating directly to the Cu^+^ center this ligand displaces a conserved crystallographic water, w~0~ in [Fig. 3](#fig3){ref-type="fig"}D, previously proposed as occupying the binding site for superoxide.

Given the coupling of the ESL "breathing motion" to the assymetric movement of the histidine ligands relative to the metal, these structural characteristics provide a potential causative link between ESL mobility and catalytic function at the Cu center. For wtSOD1 the trigonal planar geometry is normally associated with the reduced Cu^+^ form of the protein where the N^ε^ on the bridging histidine is protonated. Meanwhile the oxidized form of SOD1 typically displays a tetra-coordinated Cu^2+^ in a td-like arrangement. Loss of ESL mobility increases the likelihood of stranding the Cu^2+^ center in a planar arrangement of His~44~, His~46~ and His~118~. Model chemistry confirms that this planar Cu^2+^ arrangement catalyzes the binding of H~2~O~2~, with subsequent generation of a Cu^+^ center in a distorted td conformation. Copper-catalyzed disproportionation of a second hydroperoxyl to yield a bound hydroxyl radical, or a diffusible carbonate anion radical through intermediation by peroxyomonocarbonate, facilitates SOD1 oxidation.
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